The point mutation rate of a murine leukemia virus (MuLV) genome (AKV) was determined under conditions in which the number of replicative cycles was carefully controlled and the point mutation rate was determined by direct examination of the RNA genomes of progeny viruses. A clonal cell line infected at a low multiplicity of infection (2 x 10-3) was derived to provide a source of virus with high genetic homogeneity. Virus stocks from this cell line were used to infect cells at a low multiplicity of infection, and the cells were seeded soon after infection to obtain secondary clonal cell lines. RNase TI-oligonucleotide fingerprinting analyses of virion RNAs from 93 secondary lines revealed only 3 base changes in nearly 130,000 bases analyzed. To obtain an independent assessment of the mutation rate, we directly sequenced virion RNAs by using a series of DNA oligonucleotide primers distributed across the genome. RNA sequencing detected no mutations in over 21,000 bases analyzed. The combined fingerprinting and sequencing analyses yielded a mutation rate for infectious progeny viruses of one base change per 50,000 (2 x 10-5) bases per replication cycle. Our results suggest that over 80% of infectious progeny MuLVs may be replicated with complete fidelity and that only a low percentage undergo more than one point mutation during a replication cycle. Previous estimates of retroviral mutation rates suggest that the majority of infectious progeny viruses have undergone one or more point mutations. Recent studies of the mutation rates of marker genes in spleen necrosis virus-based vectors estimate a base substitution rate lower than estimates for infectious avian retroviruses and nearly identical to our determinations with AKV. The differences between mutation rates observed in studies of retroviruses may reflect the imposition of different selective conditions. The rate of evolution is the rate at which mutations accumulate in a genome and is frequently measured in terms of nucleotide substitutions per site per year. RNA viruses exhibit very high rates of evolution compared with those observed in eukaryotic DNA genomes (46, 49) . For instance, it has been estimated that 1 to 2% of the nucleotides in the poliovirus genome have been altered by mutation during a period of 1 year of active spread (33). Similarly, the neuraminidase and hemagglutinin genes of influenza virus have been estimated to evolve at rates of 0.4 to 0.7% of their nucleotides per year (2, 28, 41, 43) . These values compare with an average rate of evolution of approximately 10-7% per year for eukaryotic genes (3, 27) .
The point mutation rate of a murine leukemia virus (MuLV) genome (AKV) was determined under conditions in which the number of replicative cycles was carefully controlled and the point mutation rate was determined by direct examination of the RNA genomes of progeny viruses. A clonal cell line infected at a low multiplicity of infection (2 x 10-3) was derived to provide a source of virus with high genetic homogeneity. Virus stocks from this cell line were used to infect cells at a low multiplicity of infection, and the cells were seeded soon after infection to obtain secondary clonal cell lines. RNase TI-oligonucleotide fingerprinting analyses of virion RNAs from 93 secondary lines revealed only 3 base changes in nearly 130,000 bases analyzed. To obtain an independent assessment of the mutation rate, we directly sequenced virion RNAs by using a series of DNA oligonucleotide primers distributed across the genome. RNA sequencing detected no mutations in over 21 ,000 bases analyzed. The combined fingerprinting and sequencing analyses yielded a mutation rate for infectious progeny viruses of one base change per 50,000 (2 x 10-5) bases per replication cycle. Our results suggest that over 80% of infectious progeny MuLVs may be replicated with complete fidelity and that only a low percentage undergo more than one point mutation during a replication cycle. Previous estimates of retroviral mutation rates suggest that the majority of infectious progeny viruses have undergone one or more point mutations. Recent studies of the mutation rates of marker genes in spleen necrosis virus-based vectors estimate a base substitution rate lower than estimates for infectious avian retroviruses and nearly identical to our determinations with AKV. The differences between mutation rates observed in studies of retroviruses may reflect the imposition of different selective conditions. The rate of evolution is the rate at which mutations accumulate in a genome and is frequently measured in terms of nucleotide substitutions per site per year. RNA viruses exhibit very high rates of evolution compared with those observed in eukaryotic DNA genomes (46, 49) . For instance, it has been estimated that 1 to 2% of the nucleotides in the poliovirus genome have been altered by mutation during a period of 1 year of active spread (33) . Similarly, the neuraminidase and hemagglutinin genes of influenza virus have been estimated to evolve at rates of 0.4 to 0.7% of their nucleotides per year (2, 28, 41, 43) . These values compare with an average rate of evolution of approximately 10-7% per year for eukaryotic genes (3, 27) .
Retroviruses are reportedly among the most rapidly evolving viruses (9, (20) (21) (22) 34) . The Moloney murine sarcoma virus genome contains a viral oncogene which originated from a homologous gene in the mouse genome, enabling a comparison of the evolution rate of the same gene in different genomic contexts. The rate of evolution of this viral oncogene (v-mos) was found to exceed the rate of evolution of its cellular homolog (c-mos) by greater than 1 millionfold (20, 21) . The env gene of the human immunodeficiency virus (HIV) has been estimated to evolve at a rate of 0.1 to 1 % per year (22) , which also exceeds the average rate of evolution of eukaryotic DNA genes by about 1 millionfold.
While the rate of evolution refers to the accumulation of mutations, usually expressed on an annual basis, the mutation rate refers to the number of mutations which occur during a replication cycle. The mutation rate of a virus, the * Corresponding author. rate of replication of the virus, and the ability of the virus to sustain mutations without elimination from the population are all important factors in virus evolution. The mutation rate is determined by the fidelity of the polymerases involved in viral replication, the operation of repair mechanisms for the polymerases, and perhaps the cellular environment in which replication is taking place.
Retroviruses are unique among RNA viruses in that they utilize RNA-dependent DNA, DNA-dependent RNA, and DNA-dependent DNA synthesis in their replicative cycle, and it has been suggested that the high rate of evolution of retroviruses may reflect a high rate of mutation during replication. Although nearly all mutation rate estimates of retroviruses have been high, almost all such estimates do not allow a precise determination of the point mutation rate in terms of misincorporation per base copied during a replication cycle. Coffin et al. (9) (10, 11, 36, 37) have studied mutation rates of selectable marker or reporter genes contained in spleen necrosis virus (SNV)-based vectors and report base substitution rates near 10-5 per base pair per replication cycle. The selective conditions in the SNV system differ substantially from conditions which select genes obligatory for the generation of viable retroviruses; thus, the significance of differences in mutation rates observed with SNV-based vectors and those observed with viable progeny retroviruses is difficult to assess.
The point mutation rate of a mammalian retrovirus in terms of mutations per nucleotide per replication cycle has not been previously determined. In the present study, we determined the point mutation rate of a murine retrovirus by direct examination of RNAs from viruses isolated after a single replication cycle. Our results indicate that the mutation rate for murine retroviruses is quite high compared with that for eukaryotic genes but is somewhat lower than estimates of the mutation rate of infectious progeny RSV. (25) Detection of infected clones. Infected colonies of cells were detected by a previously described immunofluorescence assay (45) . Briefly, when the colonies became macroscopically visible, the agar-containing medium was removed by inverting the dish and the cells were rinsed with PBBS (5) containing 2% fetal calf serum. The dishes were then incubated at 37°C for 30 min with 200 ,ul of monoclonal antibody 83A25 (hybridoma culture supernatant), which is reactive with cell-surface MuLV envelope proteins (16 ing. Metabolic labeling of virion RNA with 32P and details of the fingerprinting procedure have been previously described (14) . Virions were sedimented from tissue culture media in a Beckman SW 28 at 25,000 rpm at 4°C for 90 min. The pellet was resuspended in 100 mM Tris-10 mM NaCl-1 mM EDTA, pH 7.4 (TSE), and extracted with phenol-chloroform (9:1) several times until no precipitate was visible at the interface. The resultant aqueous phase was precipitated by the addition of an equal volume of n-propanol after adjusting to 100 mM NaCl. The nucleic acid precipitate was collected by sedimentation and dissolved in TSE containing 0.1% sodium dodecyl sulfate (SDS), layered onto a 12-ml 15 to 40% glycerol gradient in TSE-0.1% SDS, and then sedimented at 39,000 rpm in a Beckman SW 41 rotor at 20°C for 3.25 h. The gradient was fractionated, and the peak of radioactivity sedimenting at approximately 70S was precipitated with n-propanol as described above. The resultant precipitate was collected by sedimentation, washed two times with 80% ethanol, resuspended in 10 mM Tris-1 mM NaCI-1 mM EDTA, pH 7.4, and stored at -20°C until fingerprinting. Virion RNA for use as a template for sequencing was prepared as described above except, after phenol extraction of the pelleted virions, the aqueous phase was applied to an oligo(dT)-cellulose column to obtain polyadenylated RNA as previously described (14) . The polyadenylated RNA was precipitated with n-propanol, washed twice with 80% ethanol, dried, dissolved in water, and stored at -20°C. The RNA was thawed and used directly in the RNA sequencing procedure as described below.
MATERIALS AND METHODS

Cells and viruses. Mus dunni cells
RNA sequencing. Retroviral RNAs were sequenced by using the protocol described by Mierendorf and Pfeffer (29) and the GemSeq Transcript Sequencing System (Promega Biotec). Oligonucleotides utilized as sequencing primers were synthesized on the Applied Biosystems Inc. model 380B. The sequencing gels were prepared and processed as described by Williams et al. (51) , and the RNA sequencing data were analyzed by using the MBUG (NIH molecular biology users group integrated access system) computer program (40) .
RESULTS
Establishment of a genetically homogeneous virus population and isolation of viruses after a single replicative cycle. NIH 3T3 cells were infected at a low multiplicity of infection with the ecotropic MuLV AKR 2A and seeded as single cells 2 h after infection, prior to the appearance of progeny viruses. The resultant colonies were examined by the immunofluorescence assay for cell surface expression of the viral envelope glycoprotein to identify those infected with MuLV. An MuLV-positive colony was subcultured from an infection in which only one fluorescent colony was observed among over 500 examined. The cell line derived from this colony has been designated the progenitor cell line. Since the integrated provirus in the progenitor cell line replicates via cellular DNA mechanisms, the errors introduced during replication are negligible (10-' to 10-12 per replication cycle) (3, 27) compared with rates reported for retroviruses (10' to 10-') (9, 26 (12, 23 ) and the precise genomic location and sequence of a large number of RNase T1-resistant oligonucleotides that are resolved by the fingerprinting procedures (12, 15) . Eighty-nine oligonucleotides representing a total of about 1,380 bases were considered in the analyses (Fig. 1) . Seventy-five of these oligonucleotides, totaling 1,228 bases, have been unambiguously identified in published AKV RNA sequences (12, 23) and are identified in Fig. 1 . These oligonucleotides represent a sampling of many short (8-to 30-base) sequences across the entire genome (Fig. 2) . The remaining resolved oligonucleotides (designated by the letters A to N in Fig. 1 ), representing about 150 bases, are present at stoichiometric levels but could not be unambiguously located in the published sequence.
In the oligonucleotide fingerprinting analyses, the positions of oligonucleotides in the fingerprint are very sensitive to base composition. In most cases a single-base change within any of the large oligonucleotides results in an obvious change in the migration of the oligonucleotide. However, A-to-C and C-to-A base substitutions result in small changes in migration and are more difficult to detect, particularly if they occur in one of the larger oligonucleotides. Assuming that each of the 12 possible base exchanges occurs with equal probability and correcting for the average base composition of RNase T1-resistant oligonucleotides (ca. 31% A, 31% U, 31% C, and 7% G), 80% of the point mutations would be easily detected by the fingerprinting analyses even if all A-to-C and C-to-A changes went undetected.
The fingerprint of the cloned isolate of AKV from the progenitor cell line was identical to that found in previous analyses of AKR 2A (13) (Fig. 1) (Fig. 3) . Each of these mutants differed from the progenitor MuLV by a small sequence difference within a single oligonucleotide, and in each case a different oligonucleotide was altered, indicating that the mutants were unique. Two of the mutations occurred in gag gene sequences, and the third occurred in the pol gene (Fig. 4) .
DNA primers complementary to sequences in the genome near the mutations were constructed, and the RNA sequences of the regions containing the altered oligonucleotides were determined for each of the mutants. These analyses (Fig. 5) mates of mutation rates of infectious avian retroviruscs. To obtain an independent assessment of the mutation rate, several DNA oligonucleotides complementary to AKV sequences were synthesized and used to prime RNA sequencing reactions with many of the secondary AKV isolates as well as the progenitor AKV. The oligonucleotides were chosen from regions dispersed across the genome to maximize the probability that the sequences analyzed would reflect the mutation rate of the entire genome, rather than a limited region which may or may not be representative (Fig.  2) . Several differences were noted between the sequences generated in our analyses and the published sequence of the molecularly cloned endogenous MuLV of AKR mice (AKV) (12, 23) . However, all such differences were reflected in each of the viral RNAs analyzed and indicated differences between our progenitor MuLV and the published sequence of AKV rather than de novo mutations. With the exception of the three oligonucleotide mutations confirmed by sequence determinations, our RNA sequence analyses revealed no de novo mutations in over 21,000 bases analyzed. This is equivalent to over two complete MuLV RNA genomes without a single mutation, corroborating the data obtained from the fingerprinting analyses.
Nearly 150,000 bases were analyzed by fingerprinting and sequencing in our experiments. The detection of only three mutations yielded an estimated mutation rate of 2.0 x 10-5. Assuming a Poisson distribution, the detection of three base changes in 150,000 predicts with 95% confidence that the actual mutation rate for AKV is between 5.85 x 10-5 and 4.13 x 10-6 (ca. between 1 mutation in 17,000 and 1 in 240,000 bases) (39) . Even at the upper limit this is substantially less than one mutation per progeny virus.
DISCUSSION
Estimates of the mutation rate of infectious progeny avian retroviruses suggest that the virus may sustain 1 to 10 point mutations during a single replication cycle (9, 26), corresponding to an estimated mutation rate of 1.4 x 10-4. Our estimate for the point mutation rate of AKV (2 x 10-5) is somewhat lower and suggests that nearly 85% of the viable progeny viruses may be replicated with complete fidelity with few viruses (ca. 3%) sustaining more than one point mutation per replicative cycle. Poisson statistics predicted that the actual point mutation rate for AKV is between 1 in 17,000 and 1 in 240,000 bases replicated (39) . Application of the same Poisson statistics to the mutation rate data obtained for RSV by Leider et al. (26) (10, 11, 36, 37) . They report a reversion frequency due to base substitution of an amber mutation in the neo gene of 2 x 10-5 (11) and a forward mutation rate resulting from base substitution of the lacZ gene of 7 x 106 (36) . Although these values are in very close agreement with our present determination of the point mutation rate of AKV, a comparison between the studies is difficult. In our studies, as in nearly all point mutation rate studies of animal viruses, viable progeny viruses were selected. Large genetic alterations such as frameshift mutations or large deletions, which are likely to be catastropic for viral replication or infectivity, would be infrequently detected. Furthermore, the point mutation rate determined for viable progeny viruses is expected to be lower than the actual rate of misincorporation of bases during the replicative cycle (the in vivo polymerase error rate). Under these conditions, the mutation rate largely reflects the incidencc of mutations which are functionally silent with regard to replication and infectivity. The mutation rates determined for SNV were determined at the level of the DNA provirus, thereby eliminating selection for viable progeny retroviruses. In addition to base substitution, those studies detected frameshift mutations, deletions, and hypermutation (an inordinately high level of base substitution on the same polynucleotide). It is somewhat surprising that the basc substitution rates observed in the absence of selection for viability were lower than rates which havc been reported for viable avian retroviruses (9, 26) . However, the reversion and forward mutation studies of the SNV vectors involved selection for altered phenotypic functions of the neo and the lacZ genes, respectively, and did not examine the incidence (6, 30, 31) , equine infectious anemia virus (4, 24, 38, 44) , and HIV (8, 22, 42, 47) . Considering the difference between the point mutation rates of MuLV and RSV, it is difficult to extrapolate the data to the lentiviruses. However, in the case of the equine infectious anemia virus, the analyses of two isolates obtained sequentially from an infected horse at a 30-day interval differed by only 0.25% in their sequences (4) . Ignoring in vivo virus replication which occurred, the extensive in vitro isolation procedures required to obtain these isolates (amplification by infectious spread in an in vitro cell line followed by multiple endpoint dilution cloning) suggest a mutation rate nearer that of MuLV than that of RSV.
Finally, it is noted that the mutation rate during virus replication in fibroblastic cell lines might not extrapolate to virus replication in various cell types of the infected host. For example, lentiviruses, such as HIV, infect and replicate in macrophages which may serve as a reservoir for the viruses in an infected individual (17-19, 31, 32) . Upon appropriate stimulation, macrophages undergo a respiratory burst generating high levels of free radicals which result in a highly mutagenic environment (1) . Infection or replication under these conditions could conceivably result in greatly elevated virus mutation rates.
